A computer program of the fractal analysis by the box-counting method was developed for the estimation of the fractal dimension of the three-dimensional fracture surface reconstructed by the stereo matching method. The image reconstruction and fractal analysis were then made on the fracture surfaces of materials created by different mechanisms. There was a correlation between the fractal dimension of the three-dimensional fracture surface and the fractal dimensions evaluated by other methods on ceramics and metals. The effects of microstructures on the fractal dimension were also experimentally discussed.
INTRODUCTION
Fractal geometry created by Mandelbrot [1] enabled the quantitative description of microstructures and fracture surfaces in materials by the fractal dimension. Almqvist [2] proposed the variance method for the estimation of the fractal dimension, D v (2<D v <3), of the three-dimensional surface on the images obtained by scanning probe microscopes (SPM). He estimated the fractal dimension (D v ) from a relationship between the average variance, {S(B)} 2 , and the size of the measurement boxes, B, in a given image ({S(B)} 2 is proportional to B ). However, the SPM are not suitable for the characterization of very rugged surfaces with many bumps or ridges. A computer-aided stereo matching method using a stereo pair (scanning electron micrographs) has successfully been applied to the reconstruction and analysis of complex three-dimensional fracture surfaces in materials [3] [4] [5] [6] . Kimura et al. [7] have recently developed a new stereo matching method based on the coarse-to-fine format. In this study, a computer program of the box-counting method was developed for the fractal analysis of the three-dimensional fracture surfaces. The fractal dimension of the three-dimensional fracture surface on materials was then estimated by the box-counting method using the height image generated by the new stereo matching method. The results of the fractal analysis by the box-counting method were compared with those by the variance method. A discussion was also made on the relations between the microstructures and the fractal dimension.
ANALYTICAL METHODS

Outline of New Stereo Matching Method
The x-coordinate of a point P, x (on the basic image) moves to that of the corresponding point P', x' (on the tilted image) in the x-direction on the x-y plane (on the base plane) by tilting a specimen around the y-axis (A), as shown in Fig. 1 . The height of the point P, h, can be obtained by searching the corresponding point (homologous point) P' in the tilted image (one of the stereo pair), and is given by
where M is the magnification of images. A tilting angle A=10 deg. was chosen in this study. The template matching was employed to detect the corresponding point (pixel). The window of a given size (q pixels x r pixels) in the basic image was imposed on that of the same size in the searched area (k pixels x l pixels) of the tilted image in order to examine the similarity of these windows, as shown in Fig. 2 . In this study, the correlation factor between these windows was calculated using the color number (the brightness) of each pixel. The homologous (corresponding) point was identified when the correlation factor has the maximum value in the searched area [3] .
In the three-dimensional image reconstruction by the coarse-to-fine format [7] , the images with the Fig. 3 . Three-dimensional (3D) image reconstruction by the stereo matching method on the basis of the coarse-to-fine format. Fig. 1 . Displacement of the x-coordinate of a point from x (P on the basic image) to x' (P' on the tilted image) in the x-direction by tilting a specimen. 
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reduced resolution by 1/2, 1/4, and 1/8 were successively produced by "down sampling" (Down Sampling 1 to 3 in Fig. 3 ) using the original images (the basic image and the tilted image). The template matching for three-dimensional image reconstruction was then carried out from the image with the lowest resolution up to that with the highest resolution (the original image) in order to detect the corresponding points (from 1 to 8 in the figure) . The median value filter and the mean value filter were also used at each step of template matching to eliminate or to reduce the effects of mismatching and noise on the three-dimensional image reconstruction. The coarse-to-fine method enables fast template matching with a template (window) of small size in small searched area. Optimum template size of 5x5 in pixel was chosen in this study.
Fractal Analysis by Box-Counting Method
The fractal dimensions of the fracture surface profile (D p , 1<D p <2), that of the three-dimensional fracture surface (D b , 2<D b <3) or the contours (D c , 1<D c <2) were estimated by the box-counting method [1, 8] . The height in each point (z-direction) was given by the color number from 0 to 255 in the height image for three-dimensional analysis, while the numerical data in the two perpendicular directions (x-and y-directions) were given by the dimension in pixel. Therefore, a given area (L x L in pixel in x-y plane, where L is the size of the analyzed area) on the fracture surface was covered by the boxes of rectangular parallelepiped shape with side length r and height cr (in pixel) (c is a constant) (Fig. 4) . The length scale of the box is considered to be (cr 
since c -D b /3 is a constant. The value of D b can be estimated from Equation (2) by the regression analysis using the datum sets of N and r. A computer program of the box-counting method was made using Visual Basic version 6.0. In this study, the value of D b and that of D v were principally estimated in the scale (r) range from 2 pixels to the size of the analyzed area (L).
RESULTS AND DISCUSSION
Image Reconstruction and Two-Dimensional Fractal Analysis
A new stereo matching method [7] using the correlation factor as an evaluation function gave a reasonable result for the three-dimensional image reconstruction with a small window size (5x5 in pixel) for template matching. The three-dimensional image reconstruction was carried out on the stage I fatigue fracture surface in a Cu-Be alloy (the grain diameter is about 2.4x10 -5 m) (Fig. 5) . The direction of the fatigue crack growth is approximately right to left in Fig. 5a . Fine geometrical features of the fatigue fracture surface were reproduced in the three-dimensional (3D) image reconstruction with small template (window) (5x5 in pixel) (Fig. 5b) . The increase in the template size did not lead to the improvement of the accuracy of template matching owing to the mismatching. Similar results of the stereo matching were (Fig. 6a) . The fractal dimension lies between about 1.17 and about 1.29 (Fig. 6b) , and the mean value of the fractal dimension is about 1.238. The mean value of the fractal dimension of the contours (D c ) changed from 1.210 to 1.238 with the template size in the range from 3x3 to 13x13 in pixel.
These values were close to the fractal dimension of the actual fracture surface profile (D p =1.210 in the parallel direction and D p =1.190 in the transverse direction to the crack growth direction) estimated in the similar length scale range (from about 6.7x10 -7 to about 1.7x10 -5 m). The fracture surface seems to be isotropic in this material. Figure 7 shows the result of the fractal analysis on the three-dimensional fracture surface of a Cu-Be alloy (Fig. 5) . -5 m) as well as the residual Si phase were involved in the impact-fractured specimen of a commercial SiC (Norton NC-430) [9] (Fig. 8) . Relatively flat parts are probably formed by fracture along the interface between a large SiC grain and the residual Si phase, while the parts of complex geometry may be formed by fracture in the Si phase or along the interface between fine SiC grains and the Si phase. When the size of the analyzed area is the smallest (L=120 pixels), the analyzed area involves only the parts of complex geometry and shows higher value of the fractal dimension (D b and D v ) (Fig. 8) . Both values of D b and D v decrease with increasing size of the analyzed area (L) because of the increased proportion of flat parts in the analyzed area, but levels off above L=300 pixels. The value of D v is larger than that of D b also in this case. Thus, the dependence of the fractal dimension on the size of the analyzed area can be correlated with microstructures on the fracture surface [10] [11] [12] . Further, the three-dimensional fractal analysis was made by the box-counting method and by the variance method on the impact-fractured surfaces of commercial ceramics, on the fatigue fracture surfaces (stage I or stage II) of alloys, and on a ductile fracture surface with dimples of a pure Zn at the same analyzed area of L=360 pixels (Fig. 9 ). There 
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